Neuronal firing rate variability during planning has been found to contribute to trial-to-trial 33 variability in primate behavior. However, in humans, whether planning related mechanisms 34 contribute to trial-to-trial behavioral variability remains unknown. We investigated the time-course 35 of trial-to-trial variability in corticospinal excitability (CSE) using transcranial magnetic stimulation 36 (TMS) while subjects planned to perform a self-paced reach-to-grasp task. We hypothesized that 37 CSE variability will be modulated during task planning and that such a modulation would explain 38 trial-to-trial behavioral variability. Able-bodied individuals were visually cued to plan their grip force 39 before exertion of either 30% or 5% of maximum force on an object. TMS was delivered at 40 different time points following a cue that instructed the force level. We first modeled the relation 41 between CSE magnitude and its variability at rest (n=12) to study the component of CSE variability 42 during task planning that was not related to changes in CSE magnitude (n=12). We found an 43 increase in CSE variability during task planning at 30% but not at 5% of force. This effect was 44 temporally dissociated from the decrease in CSE magnitude. Importantly, the increase in CSE 45 variability during planning explained 64% of inter-individual differences in time to peak force rate 46 trial-to-trial variability. These results were found to be repeatable across studies and robust to 47 different analysis methods. Our findings suggest that the planning-related mechanisms underlying 48 modulation in CSE variability and CSE magnitude are distinct. Notably, the extent of modulation 49 in planning-related variability in corticospinal system within individuals may explain their trial-to-50 trial behavioral variability. 51 52
INTRODUCTION
while able-bodied individuals prepared to perform a self-paced, isometric grip force production task and studied whether the modulation in CSE variability explained differences in trial-to-trial 83 variability in the application of grip force across individuals. Subjects were instructed to first reach 84 for an instrumented object, grasp it, and apply grip force. They were cued to exert either 30% or 85 5% of the maximal pinch force during the task. We delivered TMS pulses over M1 at different time 86 points during the planning phase of the task to assess the temporal unfolding of CSE variability. 87
Intertrial variability in CSE assessed in this manner may be related to changes in MEP amplitude, 88 a phenomenon that has been studied before (Stein et al., 2005; Darling et al., 2006; Faisal et al., 89 2008; Bestmann and Krakauer, 2015) . Therefore, we modeled a relation between CSE variability 90 and its amplitude in absence of a task during a separate session (Darling et al., 2006; Klein-91 Flugge et al., 2013) . This allowed us to study the component of CSE variability that was beyond 92 the intrinsic changes in CSE magnitude. We hypothesized that the planning-related CSE 93 variability would be modulated while preparing to perform the force production task. Furthermore, 94
we expect that individuals with greater modulation in CSE variability would exhibit a greater 95 intertrial variability in their grip force application. We expected differences in these findings for the 96 two force levels because the neural activity might be dependent on the magnitude of force 97 
MATERIALS AND METHODS
coil holder mounted on the TMS chair (Rogue Research). The TMS coil was traced on the 133 subject's scalp using a surgical marker pen. The coil location was regularly checked for any 134 displacement that might have occurred during a session. The average rMT across subjects (mean 135 ± SE) was 41 ± 3% of the maximum stimulator output. 136
Experimental design 137
Eleven of thirteen subjects participated in two experiments performed at least 24 hours 138 apart. Two subjects were able to participate in one of the two experiments. 139
Experiment 1 (at rest; n = 12). We established a relation between the variability in MEP and its 140 amplitude at rest. We delivered single pulse TMS at the following TMS intensities: 0.9, 1, 1.1, 1.2, 141 1.3, 1.4, 1.5, 1.6 or 1.7 times the rMT (Darling et al., 2006) with ten consecutive pulses delivered 142 at each intensity in a randomized order. Subjects neither performed a task nor received a stimulus 143 except TMS. 144 Experiment 2 (the force task; n = 12). During this session, we asked subjects to perform an 145 isometric force production task using their index finger and thumb of the right hand. The distance 146 between the grip device and the hand was ~30 cm at the beginning of each trial. Subjects were 147 instructed to reach for the grip device, grasp the device at the same locations, and exert grip force 148 to match a target on computer monitor using their index finger and thumb ( Fig. 1) . 149
We introduced two different force levels (30% and 5% of maximal pinch force) to 150 investigate modulation in MEP variability at different force magnitudes. To rule out differential 151 planning of digit position from trial-to-trial, we instructed subjects to grasp the device at marked 152 locations on every trial. This location was denoted by a black tape attached on the front panel of 153 the grip device (Parikh et al., 2014) . A computer monitor placed behind the device displayed three 154 sequential visual cues on every trial: 'ready', 'force' and 'go'. The 'ready' cue signalled the 155 beginning of a trial. The 'force' cue informed the subject about whether the upcoming force task 156 required 5% or 30% of grip force application. Finally, the 'go' cue instructed subjects to initiate the 157 reach and perform the force production task. The 'ready' and 'force' cues were separated by a randomly varying interval between 1-3s while 'force' and 'go' cues were separated by 1s ( Fig. 1) .
Subjects were instructed to apply grip force to reach the target (displayed on the computer monitor 160 during the 'force' cue presentation) at a self-selected speed and maintain that force for 3s using 161 their right hand. Visual feedback of subject's grip force was provided during each trial. Subjects 162 practiced the force production task to get familiarized with the experimental task before the 163 session. At the beginning of the session, we measured maximum voluntary contraction (MVC) for 164 each subject by asking them to apply maximum pinch force only using right thumb and index 165 finger. We selected the largest force of three MVC trials to set the force target. 166
While subjects performed the force task, single TMS pulses at 120% of rMT were delivered 167 to the scalp location for FDI marked earlier at 1 of the 6 latencies in a randomized order: 0.5, 0.75, 168 1 ('go'), 1.1, 1.2, or 1.3 s following the 'force' cue ( Fig. 1) . For this experimental setup, our earlier 169 study has shown that the reach is not initiated at least until 0.4 s after the 'go' cue (i.e. 1.4 s 170 following the 'force' cue) (Parikh et al., 2014) . Therefore, the TMS pulse delivered at 6 different 171 time points following the 'force' cue would represent planning related corticospinal activity. Each 172 subject performed 15 trials per TMS time point and force level in a randomized sequence. As 173 there were six TMS time points across two force levels, subjects performed 180 trials across four 174 blocks with 45 trials per block and with ~5 min of rest between the blocks. 175
Data processing and Statistical analysis 176
Behavioral variability in the application of force: We focused our analysis on the peak rate of force 177 (PFR) application because it is known to be influenced by planning-related mechanisms 178 (Johansson and Westling, 1988; Gordon et al., 1993) . Specifically, we analyzed magnitude and 179 time to peak force rate (TimePFR) to assess behavioral variability, as previously reported by 180 The coefficients a and b were identified using the modelfun function in MATLAB (Mathworks, 210 Natick, MA). These coefficients were identified separately for three muscles (FDI, APB and ADM). 211
We also assessed the residuals for the logarithmic fits for each muscle. To assess the repeatability of our findings, we performed this analysis on a dataset from 223 9 additional subjects. These subjects performed the force production task at either 10% of force 224 or 1 N force under similar experimental paradigm (Parikh et al., 2014). As experiment 1 was not 225 conducted in the earlier study, we used the logarithmic model obtained using data points from all 226 subjects in the current study. This logarithmic model resulted in the same results in experiment 2. 227
These findings were presented earlier at the annual meeting of the Society for Neuroscience (Rao 228 and Parikh, 2017) and are summarized in the Results section. 229
To assess the robustness of the analytical approach, we also analysed data without using 230 a lower bound cut-off criterion for MEP amplitude and without using a bin-based cut-off criterion. 231
Furthermore, the results may be sensitive to coefficients obtained by fitting a logarithmic model 232 on data points from all subjects (i.e. a group-level model; experiment 1 description above) versus 233 fitting a separate model on data points from each subject (i.e. subject-level models). For each subject, a subject-level logarithmic model was used to calculate CVPRED and the resulting CVDIFF showed similar findings in experiment 2 (see Results). 236
To investigate whether MEP variability during planning explained inter-individual 237 differences in behavioural variability, we performed separate Pearson product-moment 238 correlation analysis between the CVDIFF of MEP and the behavioural measures i.e. SD of PFR 239
and TimePFR and CoP ellipse area. 240 EMG Analysis: We quantified the modulation in FDI and APB muscles involved in the production 241 of grip force when subjects applied 30% and 5% of force on the object. For this purpose, we 242 calculated the root mean square (RMS) value of the EMG signal for a 1.5s segment during steady 243 force production at 5% and 30% of force separately for FDI and APB ( analysis. The statistical analyses were performed using SPSS (version 25, SPSS Inc., Chicago,
Intertrial variability in behavioral variables 284
Variability in time to peak force rate (TimePFR): SD in TimePFR from trial-to-trial was greater at 30% 285 than 5% of force (main effect of FORCE: F1,11 = 31.160, p < 0.001, ƞp 2 = 0.739; Fig. 2A ). We 286 observed no modulation in variability in TimePFR across different TMS delivery time points for TMS 287 pulses (neither a main effect of TMS: F5,55 = 1.370, p = 0.250, ƞp 2 = 0.111, nor FORCE × TMS 288 interaction: F5,55 = 0.469, p = 0.660, ƞp 2 = 0.041). 289
Variability in magnitude of peak force rate (PFR): The standard deviation (SD) of PFR was greater 290 at 30% than 5% of force (main effect of FORCE: F1,11 = 26.732, p < 0.001, ƞp 2 = 0.708; Fig. 2B) . 291
The delivery of TMS pulses at different time points of planning did not influence the variability in 292 PFR (neither a main effect of TMS: F5,55 = 0.244, p = 0.787, ƞp 2 = 0.022, nor FORCE × TMS 293 interaction: F5,55 = 2.456, p = 0.089, ƞp 2 = 0.183). of FORCE: F1,11 = 0.38, p = 0.55, ƞp 2 = 0.034; no main effect of TMS: F5,55 = 0.562, p = 0.728, ƞp 2 299 = 0.049; no FORCE × TMS interaction: F5,55 = 0.606; p = 0.695, ƞp 2 = 0.052; mean ± SE at 30% = 300 2.75 ± 0.19 cm 2 and 5% = 2.71 ± 0.23 cm 2 ; Fig. 3) . Similarly, for the thumb contact point, we did 301 not find difference in ellipse area between 30% and 5% trials across TMS time points (30% = 3.67 302 ± 0.41 cm 2 and 5% = 3.75 ± 0.40 cm 2 -no FORCE × TMS interaction: F5,55= 0.58; p = 0.71, ƞp 2 = 303 0.05; no main effect of FORCE: F1,11 = 0.11, p = 0.75, ƞp 2 = 0.01; no main effect of TMS time 304 points: F5,55 = 0.976, p = 0.44, ƞp 2 = 0.08). These results suggest that the intertrial variability in 305 digit contact points was similar across force levels and TMS time points.
We modelled a relation between CV of MEP and amplitude of MEP separately for each 308 muscle (FDI, APB and ADM). The logarithmic relationship, as described in equation 1, for FDI 309 was as below: The values of the coefficients (a, b) from equation 1 for APB were (-0.0899, 0.4764) and for ADM 312 were (-0.0773, 0.3116). The logarithmic fit and the residuals for FDI are shown in Fig. 4A . 313
Variability in MEP due to changes in MEP amplitude (CVPRED) during task planning 314
We predicted MEP variability (CVPRED) while planning to exert isometric grip force for individual 315 subjects using the logarithmic model separately for each muscle (equations 1 and 4). For FDI, we 316 found that CVPRED of MEP was different across TMS time points (main effect of TMS: F5,55 = 3.695, 317 p = 0.006, ƞP 2 = 0.251; Fig. 5A ). However, this time-dependent modulation of CVPRED of MEP was 318 not different across force conditions (No FORCE × TMS interaction: F5,55 = 0.506, p = 0.770, ƞP 2 319 = 0.044; no main effect of FORCE: F1,11 = 0.701, p = 0.420, ƞP 2 = 0.060). Post hoc comparisons 320 found a significant increase in CVPRED of MEP from 0.5s to 0.75s (t11 = 3.2, p = 0.009, Cohen's dZ 321 = 0.92). No difference in CVPRED of MEP was found between other adjacent TMS time points (all 322 p values > 0.05). Within each force level, we found significant increase in CVPRED of MEP from 323 0.5s to 0.75s at 30% (t11 = 2.9, p = 0.015, Cohen's dZ = 0.84; Figs. 5A and 5B) , but not at 5% of 324 force (t11 = 2.1, p = 0.06, Cohen's dZ = 0.61). The change in CVPRED of MEP at 30% of force was 325 related to the change in MEP amplitude. Specifically, we found a decrease in MEP amplitude for 326 FDI from 0.5s to 0.75s at 30% (t11 = 2.9, p = 0.014, Cohen's dZ = 0.84), but not at 5% (t11 = 1.4, p 327 = 0.2, Cohen's dZ = 0.40) of force ( Fig. 5C) . 328
For APB, we did not observe modulation in CVPRED of MEP across force conditions and 329 TMS time points ( Table 1 ; No FORCE × TMS interaction: F5,45 = 0.588, p = 0.709, ƞP 2 = 0.061; no main effect of FORCE: F1,9 = 2.313, p = 0.163, ƞP 2 = 0.204; and no main effect of TMS: F5,45 = 331 0.988, p = 0.436, ƞP 2 = 0.099). Similarly, for ADM, there was no modulation in predicted CV of 332 MEP for across tasks and TMS time points (Table 1 ; No FORCE × TMS: F5,35 = 0.724, p = 0.610, 333 ƞP 2 = 0.094; no main effect of FORCE: F1,7 = 0.841, p = 0.390, ƞP 2 = 0.107; and no main effect of 334 TMS: F5,35 = 0.090, p = 0.993, ƞP 2 = 0.013). 335
MEP variability above and beyond predicted CV of MEP during task planning (CVDIFF) 336
To investigate whether MEP variability modulated beyond CVPRED of MEP while planning 337 for the force task, we subtracted CVPRED of MEP ( (Table 3) . For FDI, we found modulation in CVDIFF of MEP across TMS time points 339 (main effect of TMS: F5,55 = 4.730, p = 0.001, ƞP 2 = 0.301). However, CVDIFF of MEP was similar 340 across force conditions (no FORCE × TMS interaction: F5,55 = 0.436, p = 0.821, ƞp 2 = 0.038 and 341 no main effect of FORCE: F1,11 = 0.065, p = 0.803, ƞp 2 = 0.006). Post hoc comparisons found a 342 significant increase in CVDIFF of MEP from 1.2s to 1.3s (t11 = 3.1, p = 0.01, Cohen's dZ = 0.89). No 343 difference in CVDIFF of MEP was found between other adjacent TMS time points (all p values > 344 0.13). Within each force level, we found significant increase in CVDIFF of MEP from 1.2s to 1.3s at 345 30% (t11 = 2.9, p = 0.015, Cohen's dZ = 0.84; Fig. 6A ) but not at 5% (t11 = 1.6, p = 0.14, Cohen's 346 dZ = 0.46) of force. Most subjects showed a systematic increase in CVDIFF of MEP from 1.2s 347 compared with 1.3s at 30% of force (9 of 12 subjects; Fig. 6B ). However, at 5% of force, the 348 change in CVDIFF of MEP from 1.2s to 1.3s was not consistent across subjects. Although the 349 variability related to MEP amplitude were removed to obtain CVDIFF of MEP, we confirmed that 350 there was no change in MEP amplitude from 1.2s to 1.3s (30%: t11 = 0.76, p = 0.47, Cohen's dZ = 351 0.22; 5%: t11 = 1.04, p = 0.32, Cohen's dZ = 0.30; Fig. 6C) . 352
For APB, CVDIFF of MEP was not different across force conditions and TMS time points 353 (Table 3 ; no FORCE × TMS time points interaction: F5,45 = 0.302, p = 0.909, ƞP 2 = 0.032; no main 354 effect of TMS: F5,45 = 1.953, p = 0.104, ƞP 2 = 0.178, and no main effect of Force: F1,9 = 0.290, p = and TMS time points (Table 3 ; no FORCE × TMS interaction: F5,35 = 0.746, p = 0.532, ƞP 2 = 0.096; 357 no main effect of TMS: F5,35 = 2.880, p = 0.073, ƞP 2 = 0.118, and no main effect of FORCE: F1,7 = 358 0.938, p = 0.365, ƞP 2 = 0.118). 359
To understand muscle-specific modulation in CVPRED and CVDIFF of MEP, we investigated 360 modulation in FDI and APB EMG activity at 30% and 5% of force. We found that the EMG activity 361 was greater for 30% versus 5% of force for FDI (t11 = 2.7, p = 0.019, Cohen's dZ = 0.78), but not 362 for APB (t11 = 1.4, p = 0.18, Cohen's dZ = 0.40; Fig. 7) , thus suggesting asymmetrical contribution 363 of FDI and APB in the application of grip force, in agreement with previous reports (Li et al., 2013 (Li et al., , 364 2015 Nataraj et al., 2015) . 365
Correlation between the rise in CV of MEP during planning and behavioral variability 366
We investigated whether the increase in task-related MEP variability (i.e. CVDIFF of MEP) 367 from 1.2s to 1.3s explained the inter-individual differences in trial-to-trial behavioral variability. We 368 found that the increase in CVDIFF of MEP from 1.2s to 1.3s explained 64% of inter-individual 369 differences in TimePFR SD (Pearson's r = 0.80, p = 0.0017; Fig. 8 ) at 30% of force. However, 370 similar association between CVDIFF of MEP and SD in TimePFR was not observed for 5% of force 371 (r = -0.25, p = 0.42). We also found no correlation between CVDIFF of MEP and SD of PFR or CoP 372 variability (all r-values < 0.26, all p values > 0.42). 373
Robustness and Repeatability of our findings 374
To test the robustness of the findings with respect to MEP pre-processing, we analyzed 375 our data using no lower bound cut-off for MEP amplitude and no bin-based cut-off criteria (see that reported above. Across individual logarithmic models, the coefficient a ranged from -0.29 to 379 0.029 and the coefficient b ranged from 0.47 to 1.13 ( Fig. 4B and 4C) . 380
The logarithmic model obtained from experiment 1 was used to obtain CVPRED for each 381 subject. As done earlier, we subtracted CVPRED of MEP from CVOBS of MEP to obtain CVDIFF of 382 MEP. We found modulation in CVDIFF of MEP in FDI across TMS time points (main effect of TMS: 383 F5,55 = 7.64, p < 0.001, ƞP 2 = 0.41). CVDIFF of MEP was similar across force conditions (no FORCE 384 × TMS interaction: F5,55 = 0.55, p = 0.73, ƞp 2 = 0.048 and no main effect of FORCE: F1,11 = 0.021, 385 p = 0.88, ƞp 2 = 0.002). Post hoc comparisons found a significant increase in CVDIFF of MEP from 386 1.2s to 1.3s (t11 = 3.92, p = 0.002, Cohen's dZ = 1.13). No difference in CVDIFF of MEP was found 387 between other adjacent TMS time points (all p values > 0.10). Within each force level, we found 388 significant increase in CVDIFF of MEP from 1.2s to 1.3s at 30% (t11 = 2.9, p = 0.015, Cohen's dZ = 389 0.84) but not at 5% (t11 = 1.9, p = 0.08, Cohen's dZ = 0.55) of force. Importantly, the relationship 390 between the modulation in CVDIFF of MEP and intertrial behavioral variability was preserved. That 391 is, the increase in CVDIFF of MEP from 1.2s to 1.3s explained 61% of inter-individual differences 392 in TimePFR SD (Pearson's r = 0.77, p = 0.0029) at 30% of force. 393
To test the repeatability of the MEP findings, we separately analyzed data from 9 additional 394 subjects who had performed a similar task (LF = 1N and HF = 10% of MVC) as described in 395 (Parikh et al., 2014) . We found modulation in CVDIFF of MEP in FDI across TMS time points (main 396 effect of TMS: F5,40 = 3.63, p = 0.0081, ƞP 2 = 0.31). CVDIFF of MEP was similar across force 397 conditions (no FORCE × TMS interaction: F5,40 = 0.41, p = 0.84, ƞp 2 = 0.048 and no main effect of 398 FORCE: F1,8 = 0.029, p = 0.86, ƞp 2 = 0.004). Post hoc comparisons found an increase in CVDIFF 399 of MEP from 1.2s to 1.3s (t8 = 2.61, p = 0.03, Cohen's dz = 0.87), however it failed to reach the 400 corrected significance level. No difference in CVDIFF of MEP was found between other adjacent 401 TMS time points (all p values > 0.15). Within each force level, we found an increase in CVDIFF of 402 1.8, p = 0.09, Cohen's dZ = 0.60) of force. 405
DISCUSSION

406
We found that CSE variability increased beyond changes observed in CSE magnitude (i.e. 407 CVDIFF of MEP) while preparing to exert digit forces in a self-paced reach-to-grasp paradigm. The 408 increase in CSE variability occurred after the 'go' cue presentation and this effect was temporally 409 dissociated from the decrease in CSE magnitude that occurred before the 'go' cue presentation. 410
The time-dependent modulation in CSE variability and CSE amplitude was evident at 30%, but 411 not at 5% of force. Importantly, at 30% of force, individuals with larger increase in CSE variability 412 also exhibited larger intertrial variability in time to peak force rate. These results were found to be 413 repeatable across studies and robust to different data analysis methods. We discuss our findings 414 in relation to potential sources underlying the increase in CSE variability and its contribution to 415 the application of grip force. 416
Modulation in CSE variability during task planning 417
Using a logarithmic model relating CSE magnitude and variability, we predicted the 418 component of variability in CSE during task preparation that can be attributed to changes in CSE 419 magnitude. We found a significant increase in predicted CV of MEP at 30%, but not at 5% of 420 force. As predicted CV is primarily influenced by CSE magnitude, we found a corresponding 421 reduction in CSE magnitude from 0.5s to 0.75s following the 'force' cue presentation at 30%, but 422 not at 5% of force. This finding is consistent with our previous report demonstrating modulation in 423 CSE magnitude at a higher force (Parikh et al., 2014) . We further show that the intertrial variability 424 in CSE rose beyond predicted variability in CSE at 30%, but not at 5% of force. Interestingly, the 425 decrease in CSE magnitude and the increase in task-specific variability in CSE were temporally 426 dissociated because the later occurred from 1.2s to 1.3s following the presentation of 'force' cue during task preparation. This finding suggests distinct neural sources underlying the modulation 428 in CSE magnitude and the component of CSE variability not related to changes in its magnitude. 429
Moreover, a consistent change in these variables across individuals at 30% of force (Figs. 5B 430 and 6B) might represent important characteristics of individuals and thus the modulation in neural 431 underpinnings during task planning (Kanai and Rees, 2011) . 432
Potential mechanisms that increased CSE variability during task planning 433
Increase in attentional demands may not explain the increase in CSE variability as it is 434 usually associated with a reduction in neuronal firing rate variability (Cohen et al., 1997; 435 Masquelier, 2013) . Moreover, our experimental design ruled out any difference in planning of digit 436 position from trial-to-trial between force levels and across time points. These findings suggest that 437 the modulation in CSE variability was specific to grasp force planning during the reach-to-grasp 438 the control of coordinated hand movements such as those performed in our study (Honeycutt et 450 al., 2013) . It is less likely that changes in spinal motor neuron pool directly contributed to the 451 increase in CSE variability during motor planning because variability in spinal motor neuronal descending drive from supraspinal structures to spinal cord during motor planning (Collins et al., 454 1993; Misiaszek, 2003) . Taken together, the increase in CSE variability observed during task 455 preparation in our study is potentially sourced within supraspinal structures. Modulation in 456 activation of these potential sources might have contributed to intertrial fluctuations in presynaptic 457 inputs to M1 neurons (Lemon, 2008) , thus resulting in modulation in CSE variability. As noted 458 above, the inputs to M1 that influence CSE magnitude (Parikh et al., 2014 ) might be distinct from 459 the inputs to M1 that influence CSE variability. 460
Rise in CSE variability explains inter-individual differences in behavioral variability 461
In monkeys, neuronal firing rate variability during movement preparation has been 462 suggested to explain ~50% of variability in reach speed from trial-to-trial (Churchland et al., 2006b (Churchland et al., , 463 2006a . Consistent with this primate work, we found that the intertrial variability in CSE specific to 464 task-planning explained ~64% of inter-individual differences in behavioral, viz. TimePFR, variability 465 in humans. The rise in CSE variability was associated with TimePFR variability but not with 466 variability in magnitude of peak force rate, although both factors are known to be important for 467 accurate force application (Poston et al., 2008) . It is possible that the intertrial variability in CSE 468 during force planning may encode the variability in timing of force application as a control variable. 469
To the best of our knowledge, this association provides first evidence in humans showing 470 contribution of variability in planning-related neural mechanisms to motor output variability and 471 corroborates earlier behavioral work in humans (van Beers, 2009). Fluctuations in neural activity 472 during task execution may explain the remaining inter-individual differences in timing variability. 473
A recent neuroimaging study found that the variability in BOLD-activity within intraparietal cortex 474 recorded concurrently with task performance (i.e. during movement execution) accounts for ~25% 475 of inter-individual differences in movement extent variability (Haar et al., 2017) . In our study, the neural activity engaged during force planning may also be present during force execution and 477 thus potentially contributing to the inter-individual differences in behavioral variability. 478
Overall, our study provides a novel insight into the contribution of planning related 479 mechanisms to behavioral variability by assessing variability in human CSE in a self-paced reach-480 to-grasp paradigm. This is the first evidence showing that individuals with higher variability in 481 neural activity during planning also exhibited a greater behavioral variability. 
